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Monte Carlo simulations (MCS) present a powerful tool to evaluate candidate regimens by determining the probability of target
attainment. Although these assessments have traditionally incorporated variability in pharmacokinetic (PK) parameters and
MICs, consideration of interstrain pharmacodynamic (PD) variability has been neglected. A population PK/PD model was de-
veloped for doripenem using murine thigh infection data based on 20 bacterial strains. PK data were fit to a linear two-compart-
ment model with first-order input and elimination processes and an absorption lag time from a separate site (r2 > 0.96). PK pa-
rameters were utilized to simulate free-drug profiles for various regimens in PD studies, from which the percentage of the dosing
interval for which free-drug concentrations exceed the MIC of the targeted strain (%fT>MIC) was calculated. Doripenem PD
was excellently described with Hill-type models (r2 > 0.98); significant differences between mean PD estimates determined using
a two-stage approach versus population analyses were not observed (P > 0.05); however, the variance in 50% effective concentra-
tion (EC50) and maximum effect (Emax) among strains was much greater using the two-stage approach. Even using the popula-
tion approach, interstrain variability in EC50 (coefficient of variation expressed as a percentage [CV%] � 29.2%) and H (CV% �
46.1%) parameters was substantive, while the variability in Emax (CV% � 19.7%) was modest. This resulted in extensive variabil-
ity in the range of %fT>MIC targets associated with stasis to those associated with a 2-log10 reduction in bacterial burden
(CV% � 50%). It appears that MCS, based on the assumption that PD variability is due to MIC alone, underestimates variability
and may consequently underestimate treatment failures.

The emerging threat posed by multidrug-resistant (MDR) bac-
terial strains has heightened, necessitating an urgent review of

antimicrobial treatment strategies. Carbapenems are synthetic
parenteral broad-spectrum �-lactam antibiotics, commonly em-
ployed as empirical therapy for the treatment of serious nosoco-
mial infections. Doripenem (Doribax; Ortho-McNeil Pharma-
ceuticals, NJ) (1) is the most recent addition to the carbapenem
class and boasts a broad spectrum of activity, providing excellent
coverage across a wide range of Gram-positive and -negative bac-
teria (including MDR and �-lactamase-producing strains) as well
as anaerobes (2). In comparison to the other carbapenems, dorip-
enem has been credited with several advantages, including en-
hanced potency, superior stability when reconstituted in standard
diluents for infusion (3, 4), and a lower potential to cause seizure-
related toxicities in animal studies (5). The percentage of the dos-
ing interval for which free-drug concentrations exceed the MIC of
the targeted strain (i.e., %fT�MIC) is believed to be the pharma-
cokinetic (PK)/pharmacodynamic (PD) index most predictive of
carbapenem efficacy. The extended stability of doripenem thus
makes it a suitable candidate for administration in prolonged in-
fusion regimens, allowing the %fT�MIC to be maximized.

Rational design of antimicrobial dosage regimens requires
consideration of both PK and PD concepts in order to optimize
drug exposure and enhance antimicrobial activity, translating to
favorable clinical outcomes. For this purpose, Monte Carlo simu-
lations (MCS) have been utilized as a powerful computer model-
ing tool to evaluate the probability of attaining predefined PK/PD
targets following administration of candidate dosage regimens.
This novel approach does not rely on mean PK parameter values
but traditionally integrates intersubject variability in PK parame-
ters together with the dispersion in microbiological susceptibility
surveillance data (MICs) to determine the probability of target
attainment across a large population of simulated subjects.

Evidently, the increasing body of literature accumulated from
phase 1, 2, and 3 clinical studies of doripenem in recent years has
seen the development and refinement of population PK models
for doripenem (6–8), which incorporate relationships between PK
parameters and key covariates in order to describe the nature of
interpatient PK variability. These models have been applied to
various MCS in attempts to optimize doripenem exposure across
a range of MICs (6, 8–11). The existence of extensive PD variabil-
ity among bacterial species has been previously demonstrated
(particularly for �-lactam agents), with researchers reporting dif-
ferences in the magnitude of PK/PD targets associated with activ-
ity for different organisms, as well as differences between and
within drug classes (12). However, PD variability beyond that as-
sociated with MIC has been ignored in many MCS investigations
to date, generating the potential for misleading evaluations of an-
timicrobial efficacy.

Consequently, as part of an intended MCS to evaluate dorip-
enem regimens across a clinically relevant distribution of MICs
while also accounting for interstrain PD variability, our objective
here was to develop a population PD model to evaluate the extent
of interstrain PD variability within our bacterial collection and
determine the influence of this variability on the definition of
PK/PD targets relating to activity. As a secondary objective, we
further aimed to determine if (i) different measures of antimicro-
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bial activity (compare equations 1 and 2 below) or (ii) different
PD modeling methods (i.e., two-stage approach versus popula-
tion approach) significantly influenced the results obtained.

MATERIALS AND METHODS
PK and PD data from neutropenic murine thigh infection models were
provided by Andes et al. (13). Female Swiss ICR mice (Harlan Sprague
Dawley; weight range, 24 to 27 g) were rendered neutropenic by 2 injec-
tions of cyclophosphamide at doses of 150 mg/kg of body weight and 100
mg/kg administered 4 days and 1 day before the study, respectively. Ap-
proval was obtained from the IACUC (William Middleton VA Hospital)
prior to conducting animal experiments.

Murine PK studies and analyses. Doripenem plasma concentrations
were measured from groups of three thigh-infected neutropenic mice at
each of the following time points: 0.25, 0.50, 0.75, 1, 1.5, 2, 3, and 4 h after
subcutaneous administration (0.2-ml volume) of a single doripenem dose
of 9.38, 37.5, or 150 mg/kg (8, 13). Blood was collected in heparinized
capillary tubes, and each sample was analyzed individually. Concentra-
tions were determined using a microbiologic assay with Staphylococcus
aureus 6538P as the test organism. The lower limit of detection of dorip-
enem was 0.12 mg/liter, and intraday variation was less than 10%. At each
time point, the mean of the three samples was obtained, and data were
weighted according to the standard deviation of the replicates. PK data
were simultaneously comodeled in ADAPT 5 using a maximum-likeli-
hood method (BMSR, CA) (14).

Murine PD studies and analyses. Doripenem activity was assessed
against 20 bacterial strains; these included strains of Pseudomonas aerugi-
nosa (n � 1), Escherichia coli (n � 3), Klebsiella pneumoniae (n � 4),
Enterobacter cloacae (n � 2), Staphylococcus aureus (n � 3), and Strepto-
coccus pneumoniae (n � 7). MICs of doripenem against these strains were
determined using standard Clinical and Laboratory Standards Institute
(CLSI) methods and ranged from 0.004 to 0.5 mg/liter (see Table 2).
Bacterial inocula were introduced into murine thighs (105.70 to 107.68

CFU/thigh) 2 h prior to therapy. Doripenem (powder; Shionogi and Co.)
was prepared in 0.9% saline and administered subcutaneously at 6-h in-
tervals over 24 h, with doses ranging between 0.018 and 4,800 mg/kg/day.

The estimated murine PK parameters were used in conjunction with a
previously reported murine doripenem plasma protein binding value of
25.2% (15) to simulate free-drug profiles for all regimens. Doripenem
exposure was then expressed as the %fT�MIC (computed by numeric
integration; ADAPT 5). The effect was described by the log10 difference in
bacterial density (CFU/ml) for doripenem-treated mice at 24 h versus
those for both (i) pre-antibiotic-exposed mice at 0 h (equation 1) and (ii)
untreated control mice at 24 h (equation 2).

Effect � log10

CFU24h

CFU0h
(1)

Effect � log10

CFUtest

CFUControl
(2)

Using a standard two-stage PD modeling approach (SYSTAT version
13.00.05), doripenem exposure-activity relationships were individually fit
to Hill-type models (equation 3) by nonlinear regression for each strain. A
population PD analysis was also undertaken, whereby the exposure-activ-
ity relationships for all strains were simultaneously fit to Hill-type models
using the MLEM algorithm in parallelized S-ADAPT (version 1.56) with
the S-ADAPT Tran interface (16, 17); observations for each of the 20
bacterial strains were treated as 20 “subjects,” and all parameters were
assumed to have a log normal likelihood distribution. Weighting of the
observed log10 CFU/ml data for both PK/PD model analyses was assumed
to be additive in the log domain. The %fT�MIC values associated with
stasis and 1-log10- and 2-log10-unit changes in bacterial burden were sub-
sequently calculated by solving equation 3 for the time above MIC
(%fT�MIC) necessary to achieve the targeted effect (equation 4).

E � E0 �
Emax · �% f T�MIC�H

EC50 � �% f T�MIC�H (3)

% f T�MIC ��n EC50
H � �E0 � E�

Emax � E0 � E
(4)

The significance of differences between selected PD parameters (EC50,
Emax, and H) and targets (%fT�MIC) obtained from the two-stage ap-
proach versus a population approach was assessed by pairwise compari-
sons using a nonparametric Wilcoxon signed-rank test. The equivalence
of PD parameters and targets was calculated for each strain using both
modeling approaches by computing the (i) ratio (for the EC50 parameter
and bacterial targets) or (ii) log ratio (for the H and Emax parameters)
based on which transformation was Gaussian (SYSTAT version 13.00.05).
Equivalence was concluded if the 90% confidence intervals for ratios and
log ratios were within the limits of 80 to 125%. The significance of differ-
ences in variance between targets or parameter estimates derived from
both methods was also determined using hypothesis testing (F test;
SYSTAT version 13.00.05). Results from the population analysis were
employed to test the significance of differences in targets and parameter
estimates by bacterial species using a nonparametric Kruskal-Wallis one-
way analysis of variance (ANOVA; P � 0.05) with the Dwass-Steel-Critch-
low-Fligner test for all pairwise comparisons (SYSTAT version 13.00.05);
bacterial species with �2 strains were excluded from this analyses.

RESULTS
PK analyses. Concentration-time profiles of doripenem were well
characterized by a linear two-compartment model with first-or-
der input and elimination processes and an absorption lag time
from a separate site (Fig. 1), as described by ordinary differential
equations dX(c)/dt � ka � X(a) � CLd � [C(c) � C(p)] � CLt �
C(c), dX(p)/dt � CLd � [C(c) � C(p)], and dX(a)/dt � �ka �
X(a), where X(c) and X(p) are the amounts of doripenem (mg) in
the central and peripheral compartments, respectively, X(a) is the
amount of doripenem at the absorptive site following bolus ad-
ministration, C(c) and C(p) are the concentrations of doripenem
(mg/liter) in the central and peripheral compartments, respec-
tively, ka is the first-order absorption rate constant, and CLd is the
distributional clearance between the central and peripheral com-
partments, and CLt is the total clearance from the central com-
partment. Figure 2 illustrates the overlay of the observed and fitted
plasma concentrations for each regimen.

PD analyses. Activity was quantified as the relationships be-
tween the log10 change in bacterial density (CFU/ml) in dorip-
enem-treated mice at 24 h and preantibiotic-exposed mice at 0 h
(equation 1) and between the log10 change in bacterial density in
doripenem-treated mice and untreated control mice at 24 h

FIG 1 Two-compartment model used to model the PK characteristics of
doripenem in mice. X(c), X(p), and X(a) represent the amounts of drug (mg)
in the central, peripheral, and absorptive sites, respectively; ka is the first-order
absorption rate constant (h�1); T(lag) is the absorption lag time (h); Vc and
Vp are the volumes of distribution of the central and peripheral compart-
ments, respectively (liters/kg); Cld is the distributional clearance between the
central and peripheral compartments (liters/h/kg); and Clt is the total clear-
ance from the central compartment (liters/h/kg).
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(equation 2). As the EC50, Emax, and H parameters derived using
both measures of activity were equivalent (data not shown), bac-
terial counts obtained from pre-antibiotic-exposed mice at 0 h
(equation 1) were employed as the reference to measure activity
for the remainder of this investigation.

Results obtained from both the population and two-stage anal-
yses have been summarized in Table 1. Table 2 presents a listing of
the PD parameters and targets by strain based on the population
analysis, while Table 3 provides a statistical summary of these
results by species (for species containing �3 strains). Using both
modeling approaches, doripenem exposure-activity relationships
were excellently described with Hill-type models for all 20 strains
(Tables 1 and 2) (median r2 for two-stage analysis � 0.991, overall
r2 for population analysis � 0.978). PD parameters were used to
calculate the %fT�MIC targets associated with various log unit

changes in bacterial burden for each strain. Since activity was de-
fined in reference to pre-antibiotic-exposed mice, static activity
was associated with a 0-log10 reduction in bacterial density, while
bactericidal activity was associated with an �2-log10 reduction.
For E. coli 25922, K. pneumoniae 51504, and K. pneumoniae
HBMS152, calculated %fT�MIC targets associated with an �2-
log reduction exceeded a value of 100%, implying that bactericidal
activity was not theoretically achievable for these strains. No sta-
tistically significant differences between the selected PD parame-
ters (EC50, Emax, and H) and targets obtained from the two-stage
population analysis were observed (P � 0.2). In testing for equiv-
alence, the 90% confidence interval ratio of EC50 ranged from 85.0
to 119%, while the ratios of Emax and H were 85.5 to 106% and 86.4
to 125%, respectively. The 90% confidence interval ratios of bac-
terial targets associated with stasis and a 2-log10-unit bacterial re-
duction were 95.4 to 102% and 90.8 to 107%, respectively. Thus,
all parameters determined using the two-stage and population
approaches were deemed to be equivalent. Hypothesis testing for
differences in variances revealed that the variances observed in the
two-stage estimates of EC50 and Emax for each strain were 3.74
times (F test; P � 0.05) and 2.30 times (F test; P � 0.05) greater,
respectively, than the population estimates.

Although the variances in the population PD parameter esti-
mates were reduced in comparison to those for the two-stage es-
timates, the presence of considerable interstrain variability in EC50

and H parameters determined using the population approach,
together with modest variability in Emax, was still noted across the
range of 20 strains (Table 1), as well as within a species (Table 3).
Extensive variability in the %fT�MIC targets associated with
static activity to those associated with a 2-log10 reduction in bac-
terial density was further highlighted (CV% � 48.0 to 63.8%)
(Table 1). Comparisons of PD results by species (Tables 2 and 3)
revealed statistically significant differences between Emax and EC50

population estimates for S. pneumoniae versus all other species

FIG 2 Plot of the observed doripenem concentrations (individual symbols)
versus the derived PK model following administration of 150 (solid line), 37.5
(dashed line), or 9.38 (dot-dashed line) mg/kg in mice (r2 � 0.977, 0.961, and
0.968, respectively).

TABLE 1 Summary of the individual fitted PD parameters determined using a two-stage approach and population approacha

Analysis and type
of value E0 Emax H

EC50

(mg/liter) r2

%fT�MIC (%) associated with:

Stasis

Reductionb of:

1 log 2 logs

Population 0.978
Minimum 1.90 4.36 0.670 16.9 5.23 11.9 16.1
Maximum 2.41 9.5 5.67 53.1 54.4 71.3 153
Median 2.13 5.71 2.35 30.6 25.2 30.9 42.8
Mean 2.12 6.03 2.65 32.4 25.7 34.9 53.0
SD 0.118 1.19 1.22 9.45 12.3 16.3 33.8

CV% 5.6 19.7 46.1 29.2 48.0 46.7 63.8

Two stage
Minimum 1.36 3.64 1.00 8.04 0.906 5.11 9.50 12.3
Maximum 3.00 10.0 5.63 69.1 1.00 58.7 83.8 131
Median 2.12 6.21 1.93 32.7 0.991 26.6 33.7 42.5
Mean 2.13 6.44 2.65 37.8 0.977 26.4 36.9 51.3
SD 0.441 1.81 1.56 19.3 0.027 13.4 19.2 29.8

CV% 20.7 28.0 58.6 48.2 2.8 50.7 51.8 58.2
a r2 values were derived from the individual predicted values versus observations.
b Reduction in bacterial burden.

Soon et al.

1732 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


(P � 0.05). Targets associated with static activity and 2 log units of
activity, as well as the H parameter, were only significantly lower
for S. pneumoniae than for K. pneumoniae, E. cloacae, and E. coli
(Tables 2 and 3) (P � 0.05); significant differences in the same
bacterial targets were also noted for K. pneumoniae versus E. clo-
acae (Tables 2 and 3) (P � 0.05).

DISCUSSION

Correlation of antimicrobial exposure with successful microbio-
logical outcomes is dependent on the relationship between the PK
parameters of the particular drug and the MIC of the pathogen of
interest. For carbapenems, such as doripenem, the percentage of
time during the dosing interval that the free-drug concentration
remains above the MIC (%fT�MIC) is widely accepted as the PD
index that best predicts activity (12). In vivo studies in preclinical
models of infection have been used to simulate antibiotic expo-
sure-activity relationships, which are often characterized using
nonlinear regression with Hill-type models in a standard two-
stage analysis (equation 3). From these relationships, PD exposure
targets which correlate to a desired degree of activity against a
particular strain may then be computed and have been applied to
various MCS in order to evaluate the efficacy of candidate antimi-
crobial dosage regimens.

These analyses have been incorporated as part of clinical devel-
opment initiatives for doripenem. Strategies that aim to optimize
doripenem regimens by maximizing the %fT�MIC have partic-
ularly focused on the effects of prolonged or continuous infusion
regimens (18). In this regard, the efficacy of simulated regimens of
500-mg, 1-g, and 2-g doses of doripenem administered every 8 h
as a 1- or 4-h infusion has been evaluated in murine thigh infec-
tion models (19–21); the 500-mg dose administered as a 1-h infu-
sion was reported to be sufficient to induce bactericidal activity
against isolates with MICs �2 mg/liter, whereas enhanced activity

TABLE 3 Statistical summary of the individual fitted population PD
parameters and calculated targets associated with static and 2-log
bacterial reduction by species (n � 3)

Species and type of
value Emax

EC50

(mg/liter) H

%fT�MIC (%)
associated with:

Stasis
2-log
reductiona

E. coli (n � 3)
Minimum 4.36 31.9 2.33 27.1 42.7
Maximum 5.50 53.1 3.84 54.4 152
Median 5.47 34.4 3.77 28.4 52.2
Mean 5.13 39.8 3.31 36.6 82.3

CV% 13.0 29.1 25.7 42.0 73.6

K. pneumoniae (n � 4)
Minimum 4.60 37.5 1.38 31.6 55.2
Maximum 5.34 49.3 3.90 47.7 108
Median 5.00 41.9 3.26 36.0 83.6
Mean 4.98 42.6 2.95 37.8 82.6

CV% 6.10 12.0 38.0 18.6 32.4

S. aureus (n � 3)
Minimum 5.27 25.3 2.38 21.2 30.3
Maximum 5.94 39.0 5.66 33.1 66.9
Median 5.49 27.6 3.92 25.1 33.0
Mean 5.57 30.6 4.00 26.5 43.4

CV% 6.10 23.9 41.2 22.9 47.0

S. pneumoniae (n � 7)
Minimum 5.97 16.9 0.670 5.23 16.1
Maximum 9.15 30.9 2.37 22.3 44.3
Median 7.49 22.8 1.86 12.9 26.3
Mean 7.29 24.3 1.70 14.0 29.8

CV% 14.4 20.9 32.9 45.4 34.7
a Reduction in bacterial burden (representative of bactericidal activity).

TABLE 2 Bacterial strains and associated MICs, individual fitted population PD parameters, and %T�MIC values

Organism
MIC
(mg/liter) Emax

a

EC50

(mg/liter)a Hb

%fT�MIC (%) associated with:

Stasisb 2-log reductionb,c

E. cloacae 31-54A 0.50 6.11 29.8 1.92 20.6 41.9
E. cloacae 31-59A 0.25 5.64 37.2 1.91 29.3 65.0
E. coli 25922 0.015 4.36 53.1 3.77 54.4 152
E. coli HBMS145 0.030 5.47 31.9 3.84 28.4 42.7
E. coli HBMS154 0.060 5.55 34.4 2.33 27.1 52.2
K. pneumoniae 43816 0.060 5.00 40.1 3.58 37.6 64.2
K. pneumoniae 51504 0.060 4.60 49.3 2.94 47.7 108
K. pneumoniae HBMS149 0.060 4.99 37.5 3.90 34.4 55.2
K. pneumoniae HBMS152 0.060 5.34 43.6 1.38 31.6 103
P. aeruginosa 27853 0.50 5.79 29.2 3.75 25.4 37.4
S. aureus Smith 0.015 5.94 25.3 3.92 21.2 30.3
S. aureus 25923 0.015 5.27 39.0 2.38 33.1 66.9
S. aureus 307192 4.0 5.49 27.6 5.66 25.1 33.0
S. pneumoniae 10813 0.004 6.95 22.5 2.37 15.7 26.1
S. pneumoniae 1293 0.25 6.27 30.3 2.02 22.3 43.0
S. pneumoniae 1396 0.12 7.55 22.8 1.39 11.8 26.3
S. pneumoniae 145 0.50 9.15 16.9 1.50 8.51 16.1
S. pneumoniae 146 0.50 7.68 20.9 1.86 12.9 23.2
S. pneumoniae 6301 0.004 7.49 26.1 0.67 5.23 29.6
S. pneumoniae MNO418 0.004 5.97 30.9 1.94 21.6 44.3
a S. pneumoniae is significantly different from all other species (Kruskal-Wallis test, P � 0.05).
b S. pneumoniae is significantly different from K. pneumoniae, E. cloacae, and E. coli; K. pneumonia is significantly different from E. cloacae (Kruskal-Wallis test, P � 0.05).
c Reduction in bacterial burden (representative of bactericidal activity).
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against some isolates with MICs up to 4 mg/liter was observed
using the 4-h infusion (21). It was also demonstrated that pro-
longed infusion regimens achieved greater effect following ad-
ministration of 1 or 2 g against isolates with MICs �8 and 16
mg/liter, respectively, achieving a �2-log-unit reduction in bac-
terial density (19, 20). The ability of similar doripenem dosage
regimens to attain optimal drug exposure against a range of strains
with differing MICs has also been studied in various MCS (6, 8, 9,
11). However, in all of these studies, it must first be recognized
that the human protein binding value of �8.5% was employed for
data analyses, which is markedly different from the murine pro-
tein binding value of �25.2% applied in the present study (15).
The influence of protein binding on the magnitude of the PK/PD
parameter of interest has been previously acknowledged (12);
thus, species differences in protein binding are likely to affect the
accuracy of MCS results obtained. More importantly, the extent of
variability in PD, besides MICs, was essentially ignored in the
previous studies. Consequently, candidate dosage regimens were
evaluated based on their ability to achieve target exposures, which
were defined from a single averaged PD model constructed to
describe the PD of several strains.

Differences in target magnitude for �-lactams both between
drug classes and between organisms have been highlighted and
may be attributed in part to differences in the rates of killing of
specific “drug versus bug” combinations. These concepts may be
similarly translated to the carbapenem class of antimicrobials.
However, general definitions of “bacteriostatic” and “bacteri-
cidal” activity have been assigned to carbapenems at %fT�MIC
values of greater than 20 and 40%, respectively (22, 23). Failure of
these values to accurately predict activity against all bacterial
strains and the inability of target exposures to be precisely deter-
mined from an “average” PD model have been reinforced by our
present analyses of a broad range of 20 Gram-positive and -nega-

tive strains. Importantly, the presence of substantive interstrain
variability in PD parameters was highlighted (Fig. 3; Tables 2 and
3), which translated to extensive variability in the range of calcu-
lated %fT�MIC targets associated with static activity to those
associated with 2-log10-unit reductions in bacterial burden
(CV% � 48.0 to 63.8%) (Tables 2 and 3). For example, in order to
attain bacteriostatic activity, population estimates indicated that
the required %fT�MIC ranged from 5.23 to 54.4%, while the
targets associated with bactericidal activity (��2-log10 bacterial
reduction) ranged from 16.1 to 153%. Even within a species (Ta-
ble 3), interstrain variability was still substantial, particularly for
bacteriostatic (CV% � 25.7 to 45.4%) and bactericidal targets
(CV% � 34.7 to 73.6%). The observed variability was thus dem-
onstrated to be associated with bacterial species; in particular,
Emax and EC50 estimates for S. pneumoniae were significantly dif-
ferent (P � 0.05) from those for all other species, while the calcu-
lated targets associated with bacteriostatic and bactericidal activity
against S. pneumoniae were systematically lower than those ob-
tained for K. pneumonia, E. cloacae, and E. coli (Table 2).

In this study, PD parameters were estimated using two ap-
proaches. First, using the population modeling approach, data
from all strains were incorporated to concurrently estimate the
population PD model, as well as the individual by-strain results
and associated dispersion. Second, using the traditional standard
two-stage modeling approach, parameter values for each strain
were generated independent of the rest of the population, follow-
ing which intersubject variability was determined with descriptive
statistics; this enhances the potential for modeling artifacts to
arise. Consequently, the population approach has been associated
with more-precise results (24) and is supported by our data, which
revealed larger variance in the two-stage estimates of EC50 and
Emax than that for the population estimates (Table 1).

It is recognized that the apparent interstrain variability may
certainly have originated from other sources. Arguably, the most
significant source of variability may arise from measurement er-
rors associated with the MIC, traditionally used to describe anti-
microbial susceptibility (25). Indeed, there is a lack of precision
achieved from multiple measurements of the MIC. The MIC fur-
ther does not account for the existence of heterogenous bacterial
populations within a single culture, each of which is likely to ex-
hibit a different MIC. Additionally, the time course of activity is
not explained by a fixed MIC, which rather reflects the net growth
following a 24-h period during which bacteria are present at var-
ious growth phases due to continual death and regeneration.

Errors in PK estimates from in vivo animal studies can also
contribute to the apparent variance in PD parameters. Accord-
ingly, PK studies are usually conducted in groups of uninfected
mice, which are likely to exhibit altered PK characteristics in com-
parison to infected mice employed in PD studies. Additionally, PK
parameters are often derived from single-dose and dose ranging
investigations; these are then extrapolated to simulate different
multiple-dosage regimens in PD studies, which are designed to
reflect clinically relevant doses. Finally, PK and PD studies are
seldom conducted using the same animals, which poses a major
source of variability.

In conclusion, the magnitude of PD variability between the
array of 20 Gram-positive and -negative bacterial strains included
in this study provided ample evidence to demonstrate that evalu-
ations of candidate regimens in MCS based on the assumption
that PD variability is attributable to MIC alone can substantially

FIG 3 Plots of the separate Hill models derived using population analyses for
each of the 20 bacterial strains (lines) overlaid on the raw data points (individ-
ual symbols), illustrating the variability between bacterial species. Different
colors correspond to the six different bacterial species included in the present
investigation, namely, E. cloacae (black), E. coli (orange), K. pneumoniae
(blue), P. aeruginosa (purple), S. aureus (red), and S. pneumoniae (green).
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underestimate the extent of variability in responses, thus translat-
ing to mispredicted patient outcomes. Greater consideration of
PD variability is necessary for the design of future MCS studies.
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